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PERFORMANCE OF A HIGHLY LOADED TWO-STAGE 
AXIAL-FLOW FAN 


by Robert S. Ruggeri and William A. Denser 
Lewis Research Center 

SUMMARY 

A two-stage axial -flow fan was designed for a tip speed of 1450 ft/sec (442 m/sec), 
an overall pressure ratio of 2. 8, and a corrected flow of 184. 2 Ibm/sec (83. 55 kg/sec). 
At design speed and pressure ratio, the measured flow closely matched the design value. 
Efficiency at this design operating point was 85. 7 percent, and the stall margin based on 
this point was 10 percent. Measured rotor losses were about equal to the design values, 
but stator losses were less than the design values. 

A first -bending -mode subsonic stall flutter of the second -stage rotor blades was 
encountered near the stall limit at speeds between 77 and 93 percent of design. Super- 
sonic stall flutter was encountered at speeds above 105 percent of design. Closing the 
first -stage stator 5° reduced the subsonic stall flutter region to a narrow range of speeds 
near 90 percent of design and eliminated the supersonic flutter at all speeds up to and in- 
cluding 110 percent. Closing of the first-stage stator reduced the flow and pressure ra- 
tio at speeds up to and including design speed but had no marked effect on efficiency. 
Failure of the leading-edge section of one first-stage stator vane root was attributed to a 
locally thin section, and failure of the leading -edge section of one second-stage stator 
vane root was attributed to a stress concentration resulting from a brazed-on leading - 
edge probe. 


INTRODUCTION 

Fans and compressors for advanced aircraft engines must have light weight, high 
efficiency, adequate stall margin, and tolerance to inlet flow distortions. For ad- 
vanced aircraft which fly mixed supersonic -subsonic missions, turbofan engines having 
low bypass ratios and high fan pressure ratios are required. Inasmuch as multistage 


fans are required, the use of high tip speeds and high blade loadings permits reductions 
in the number of fan stages. 

NASA has conducted an extensive in-house and contractual research program on 
high-speed, highly loaded fan stages. Fan stages with tip speeds from 800 to 1800 
ft/sec (244 to 549 m/sec) and design pressure ratios from 1. 15 to 2. 28 have been tested 
(refs. 1 to 8). This research program has proven that high-speed, highly-loaded stages 
can give good performance. Based on these results, a two -stage, highly loaded, high- 
speed fan has been designed, fabricated, and tested. The objectives of the two- stage - 
fan program are to evaluate the stage matching problems, distortion tolerance, response 
to stator adjustment, and effectiveness of casing treatment for such a fan. Design tip 
speed for the two-stage fan is 1450 ft/sec (442 m/sec), design pressure ratio is 2. 8, 
tip diameter is 31 inches (0. 787 m), design corrected flow is 184. 2 Ibm/sec (83. 55 
kg/sec), and inlet hub-tip ratio is 0. 4. Details of the aerodynamic and mechanical de- 
signs are given in reference 9. 

Testing for the two-stage fan consisted of mapping the overall performance and de- 
termining the stability limits of the fan with uniform inlet flow. The results of these 
tests are reported herein. 


APPARATUS AND PROCEDURE 
Aerodynamic Design 

The two-stage fan is shown schematically in figure 1. A detailed description of the 
aerodynamic and mechanical design of the fan is given in reference 9. Performance 
parameters at the design point are summarized in table I. The fan was designed without 
inlet guide vanes (IGV) but with the provision for adding a variable camber IGV at a later 
date. Both stators were designed to turn the flow to the axial direction, making it prac- 


TABLE I. - DESIGN PERFORMANCE 

|Corrected speed. 10 720 rpm; corrected flow. 184. 20 Ibm/sec (83. 55 kg/sec). ] 



Pressure ratio 

Adiabatic efficiency 


Local 

Cumulative 

Local 

Cumulative 


(per blade row) 


(per blade row) 


Rotor 1 

1. 787 

1.787 

89.4 

89.4 

Stator 1 

. 977 

1.744 

— 

85.4 

Rotor 2 

1. 646 

2.872 

89. 2 

86.2 

Stator 2 

. 975 

2.80 (overall) 

— 

83.9 (overall) 
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tical to test the first stage alone if desired. The first-rotor inlet tip diameter was 

selected as 31 inches (0. 787 m) to permit the use of existing hardware and to allow an 

adequate drive engine horsepower margin. With a required first-rotor tip speed of 1450 

ft/sec (442 m/sec), the design speed corrected to standard inlet conditions was 10 720 

rpm. The inlet inner -case diameter was 10 inches (0. 254 m). The specific flow at the 
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inlet to the first rotor was set at 42 Ibm/sec-ft (205 kg/sec-m ), consistent with ad- 
vanced fan technology. The hub-tip ratio was 0. 4. Flow-path convergence and wall 
curvature between inlet and exit were used to control velocity profiles and blade aerody- 
namic loadings (diffusion factors) near the walls. 

Blockages were included in the aerodynamic design to account for boundary layer 
growth on the casing walls and for the presence of the part-span shroud on the first- 
stage rotor. The growth of the wall boundary layer displacement thickness through the 
blade rows of the two-stage fan was estimated by using a correlation developed by 
W. T. Hanley (ref. 10). 

The aerodynamic loadings, as defined by diffusion factors, are high: ranging from 
about 0. 46 to 0. 57 for the rotors and from 0. 37 to 0. 56 for the stators. These values 
are not, however, in excess of levels for which good performance has been obtained 
(refs. 1 and 2). The tabulations of the design values of aerodynamic parameters at the 
rotor and stator leading and trailing edges are presented in appendix A (tables vm to 
Xn). These tabulations, taken from reference 9, represent design parameters com- 
puted on the basis of 14 streamlines. Subsequent to these design computations, the de- 
sign parameters were recomputed for the followir^ reasons: (1) to determine design 
values for the nine streamlines along which experimental data were taken and (2) to in- 
corporate small refinements made in the design program. These latter results are pre- 
sented herein in appendix B. The design parameters presented in appendixes A and B 
differ slightly and later discussions of data, data comparisons, and so forth are based 
on values of design parameters given in appendix B. 

As shown in the final flow path (fig. 2), axial spacings between the first rotor and 
first stator and between the second rotor and second stator were held to a minimum, 
which is in line with actual engine design practice. A spacing of slightly more than 
1 inch (0. 0254 m) was allowed between stages to provide space for radial and tangential 
traverse instrumentation at the first stator exit. 


Airfoil Geometry 

Rotor and stator blade sections for both stages of the fan are multiple -circular -arc 
(MCA) airfoils designed on conical surfaces which approximate stream surfaces of revo- 
lution. Blade setting angles were determined from design flow angles and from inci- 
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dence and deviation angle criteria. Figure 3 shows a view of the rotor blades and stator 
vanes. 

Rotors. - A summary of important parameters of rotor bladir^ is given in table IT. 


TABLE II. - ROTOR BLADING PARAMETERS 



First stage 

Second stage 

Number of airfoils 
Aspect ratio^ 

Hub chord, in. (m) 
Tip chord, in. (m) 
Tip solidity 

28 

2.48 

3. 62 (0. 092) 

4. 55 (0. 116) 

1.33 

60 
2.69 
2. 10 (0.053) 
2. 10 (0. 053) 
1.43 


^Ratio of the average length to the axially pro- 
jected root chord. 


Rotor chords were chosen to be consistent with moderate axial lengths, acceptable rotor 
loadings, and structural requirements. 

The ratios of rotor maximum thickness to chord t/c (all symbols defined in appen- 
dix E) were selected to provide mechanical stability while maintaining minimum airflow 
blockage. Rotor 1 has a hub t/c of 0. 08 and a shroud at 61 percent of span from the 
hub. Rotor 2 has a hub t/c of 0. 095 but no part -span shroud. Spanwise distributions of 
t/c for both rotors are linear from hub values to 0. 025 at the tip. 

donee angles to the suction surface for rotor 1 varied from 3. 6° at the tip to 
-0. 9° at the hub. For rotor 2, the incidence angle varied from 2. 0° at the tip to -0. 1° 
at the hub. Deviation angles for the rotor 1 blades were 11. 0, 7. 8, and 15. 9 at the tip, 
mean, and hub radii, respectively. For rotor 2, deviation angles were 9. 8, 7.3, and 
16. 2 at the tip, mean, and hub radii, respectively. Values of flow margin for both rotor; 
varied from about 4 percent near the tip to a minimum of about 2 percent at 15 percent of 
span from the hub. 

Rotor geometry on design conical surfaces is summarized in appendix C (tables XVI 
and XVin). For each airfoil section, two values of total and front camber are tabulated. 
The two definitions used to calculate values of total camber are given in figure 4, which 
gives a polar representation of a blade rriean-camber line. Front cambers were calcu- 
lated in a similar manner. For manufacturing purposes, the airfoil sections were re- 
defined on planes normal to the stacking line, a radial line through the center of gravity 
of the root conical section. Rotor blade coordinates for these redefined sections are 
presented in appendix E of reference 9. 

Stators. - A summary of important parameters of stator blading is given in table III, 
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TABLE III. - STATOR BLADING PARAMETERS 



First stage 

Second stage 

Number of airfoils 
Aspect ratio^ 

Hub chord, in. (m) 
Tip chord, in. (m) 
Hub solidity 

46 
2.75 
2.75 (0. 070) 
3. 10 (0. 079) 
2. 52 

59 

2. 20 
2.22 (0.056) 
2.45 (0.062) 
2. 25 


^Ratio of the average length to the axially pro- 
jected root chord. 


Spanwise distributions of front chord, front camber, and location of maximum thickness 
were selected to give low -curvature entrance regions for high -Mach -number hub sec- 
tions, fairing smoothly to nearly double -circular -arc (DCA) airfoils in the lower-Mach- 
number region near the tip. This design concept was based on past experience, where 
DCA stators have shown better performance than MCA stators at inlet Mach numbers be- 
low 0.7 (ref. 11). The blading parameters of table III and spanwise chord distributions 
were selected to achieve reasonable axial length and loadings. 

The ratio of maximum thickness to chord was set to vary linearly from 0. 04 at the 
hub to 0. 076 at the tip to provide low losses while being adequate for mechanical in- 
tegrity. 

Incidence angles at the hub of each stator were set at approximately 0° to the suction 
surface based on minimum loss data from reference 11, varying almost linearly to -6. 1° 
and -6. 9° to the suction surface for the first- and second-stator tips, respectively. Sta- 
tor 1 deviation angles were 13. 6°, 9 3°, and 14. 9° for the hub, mean, and tip radii, re- 
spectively. The corresponding deviation angles for stator 2 were 12.7°, 10.3°, and 
14.0°. 

Leading-edge incidence angle and front camber were used to control the throat area 
of the channels between blades. A 5-percent choke margin was provided near the hub of 
each stator, compared to approximately 4 percent predicted for minimum loss. The ex- 
tra throat area was provided to give smooth radial distributions of blade geometry and to 
reduce high local velocities which potential-flow calculations (based on the method of 
ref. 12) showed existed near the leading edge of the pressure surface. The choke mar- 
gin at the tip of each stator exceeded 10 percent. Stator geometry on design conical sur- 
faces is summarized in appendix C (tables XVII and XDC). Manufacturing section data 
are presented in appendix E of reference 9. 
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TEST FACILITY 


The test program was carried out in a sea-level compressor test stand shown in fig- 
ure 5. The stand was equipped with a gas-turbine drive engine with a 2. 1;1 gearbox to 
provide speed-range caiDability. Fan airflow was drawn through a calibrated nozzle. A 
72-foot (21. 9-m) straight section of 42-inch (1. 07 -m) diameter pipe ran from the nozzle 
to a 90-inch (2. 29-m) diameter inlet plenum. A wire-inesh screen and an "egg crate" 
structure, located in the plenum, provided a uniform total-pressure profile to the two- 
stage fan. The airflow was exhausted from the fan into a toroidal collector and then into 
a 6-foot (1.83-m) diameter discharge stack. The stack contained a 6-foot (1.83-m) 
diameter valve to provide backpressure, or throttling, for the test compressor. Two 
smaller valves, a 24 inch (0. 61 m) and a 12 inch (0. 305 m), located in the bypass lines 
provided fine adjustment of backpressure. 

Strain-gage and static -pressure instrumentation leads were routed through the non- 
rotating nose fairing. Ten struts, 14 inches (0. 356 m) upstream of the rotor leading ■ 
edge, supported the forward bearing and the assembly for the strain-gage slip ring. 

Eight struts located 11 inches (0. 28 m) downstream of the stator trailing edge supported 
the rear bearing. 


INSTRUMENTATION AND CALIBRATION 

Airflow to the fan was measured by means of a calibrated nozzle (fig. 5) designed to 
standards of the International Organization for Standardization. Airflow measurements 
were within 1 percent accuracy of the values measured. 

The fan speed was measured by an electromagnetic pickup device which counted the 
number of gear teeth that passed within an interval of time and converted the count to 
rpm. The measurement accuracy between 4000 and 12 000 rpm was within 0. 2 percent 
of the measured value. 

All temperatures were measured by using Chromel-Alumel, type-K thermocouples 
and were recorded in millivolts by means of an automatic data -acquisition system. 
Temperature elements were calibrated for Mach numbers over their full operating 
range. Effects of total -pressure level on temperature recovery were accounted for by 
using the corrections found in reference 13. The thermocouple leads were calibrated 
for each temperature element. Overall rms temperature accuracy was estimated to be 
±1. 0° F (±0. 56 K). 

Wedge probes were calibrated for Mach number as a function of the indicated ratio 
of static to total pressure, with pitch angle as a parameter. Total-pressure recovery 
and yaw -angle deviation were calibrated as functions of Mach number and pitch angle. 
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TABLE TV. - PERFORMANCE AND BLADE -ELEMENT TNSTRUMENTATION 



Instrument plane 

Parameter 

Type and quantity 

Slalion 

Location 



0 

Inlet plenum charriber 

Static pressure, p 
Total temperature. T 

Six pressure taps on plenum w«ill 

Six bare-wire Chromel-Alumel thermocouples 

6 

Rotor 1 inlet (2.25 in. upstream 
of rotor 1) 

Static pressure, p 

Six taps on casing outer wall and six on inner 
wall 



Total pressure. P; static 
pressure, p; and air 
angle, d 

One radially traversing wedge probe^ 


Rotor 1 exit (approx, halfway 

Static pressure, p 

Four taps on casing outer wall, equally 

■ 

between rotor 1 trailing edge 
and stator 1 leading edge) 


spaced circumferentially'^ 

8 

Stator 1 exit (halfway between 

static pressure, p 

Four taps on casing outer wall and four on 


stator 1 trailing edge and 
rotor 2 leading edge) 

Total temperature, T; 
total pressure. P: 
static pressure, p; 
and air angle, ft 

inner tvall. equally s]Hced circumferen- 
tially'’ 

Two NASA combination probes: one with cir- 
cumferential transverse c.t one vane gap. 
plus radial transverse; the second with 
radial transverse at midgap 

9 

Rotor 2 exit 

static pressure, p 

Four taps on casing outer wall and four on 
inner wall, equally spaced circumferen- 
tially'’ 


Stator 2 leading-edge probes 

Total pressure. P 

Two circumferential positions and five radial 
positions (10. 30. 50. 70. and 90 percent 
of span) 

10 

Fan discharge (within 1. 2 chord 
downstream of stator 2) 

Static pressure, p 
Total pressure. P: 

Four taps on casing outer wall and four on 
inner wall, equally spaced circumieron- 
tiaily*’ 

Two radially traversing wedee probes, appro.v- 



static pressure, p; 
and air angle, ft 
Total temperature. T 

imately I 80 ” apart and located at vane mid- 
channel'’ 

Six radial temperature rakes with keil heads, 
located at each of nine radial stations (5. 10. 
15. 30. 50. 70, 85. 90. and 95 prreem nl 
span). Rakes s|)arrd circumferominlly to rili- 
tain reading.s acros.s one vane gap. A .se\enth 
rake I 80 ” Irom the rake at ihc e,^n!rr ni a 
channel wa.s used for checking |)ur|'osp.s. 



Total pro.ssurc. P 

Two radially 'raver.sing waki- r.nkes app.-nxi- 
maiely IRO” apirt 

11 

Tosi ri^ exit 

Tniul pressure. P 

Omp c j r(.'umt pronMU 1 intn ! -pif'ssu]*'' ruk* ; :i''' 
suuinns ni 50 per.'cn: o* int' 

(.mints ' 


‘*Ninr r.idi;ii Incjtions U'l’ iiiv.tnrm mlct iImv; rosi.- »5. 10. In nO. 50. 70. 85. 90. nnd On }u :•> < ;i: n lii.-cf, l- ; .h- 

.-sun' uhui’d I'f'hjnd s:.-iors .n'u if* .y-> d ''!i .!pr*rf>\i-nin:.- r-xionsifni^' o' ui* .'n ’■ 'd;si !'■ 
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The measurement accuracy of the air-angle probes was within 1. 0°. The selection of 
probes was made on the basis of accuracy and space availability. 

All pressures from probes, fixed rakes, and static -pressure taps were measured 
with transducers and recorded in millivolts by an automatic data -acquisition system. 

The accuracy of the pressure was ±0. 1 percent of the full-scale value. 

Two proximity detectors, located over the tips of each rotor blade at midchord were 
used to monitor blade tip clearance. 

Typical instrumentation is shown in figure 6, and the axial and circumferential po- 
sitions of the instrumentation are shown in figures 7 and 8. 

Instrumentation for measuring overall and blade -element performance data is listed 
in table IV. The nine radial positions of each axial station are defined by the intersec- 
tion of the axial station and the design streamlines which pass through 5, 10, 15, 30, 50, 
70, 85, 90, and 95 percent of the passage height at the first -stage -rotor trailing edge. 

Table V lists the parameters which were recorded continually during excursions into 
stall or surge and used to detect and evaluate rotating stall or surge. Two hot -film 
probes, one located at the fan inlet and one at the exit (stations 6 and 10) with sensors at 


TABLE V. - STALL TRANSIENT INSTRUMENTATION 


Instrument plane 

Parameter 

Type and quantity 

Station 

Location 




Inlet nozzle 

Total pressure, P 
Pressure differential, Ap 

Total temperature, T 

One tap downstream and one tap 
upstream of inlet nozzle 
A Ap transducer sensing the 
differential pressure between 
the upstream and downstream 
nozzle static pressures 
One nozzle temperature 

0 

Inlet plenum chamber 

Static pressure, p 
Total temperature, T 

One tap in plenum 
One plenum temperature 

6 

Rotor 1 inlet 
Rotor blades 
Stator blades 

Velocity, V 

Stress 

Stress 

One hot -film probe 
Selected strain gages 
Selected strain gages 

7 

Rotor 1 exit 

Static pressure, p 

One tap on casir^ outer wall 

8 

Stator 1 exit 

Static pressure, p 

One tap on casing outer wall 

9 

Rotor 2 exit 

Static pressure, p 

One tap on casing outer wali 

10 

Fan discharge 
Fan discharge 
Gearbox 

Static pressure, p 
Velocity, V 
Rotor speed, N 

One tap on casing outer wall 
One hot -film probe 
Impulse pickup 
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25. 50, and 8 5 {Dercent of passage height from the hub, were used to continuously record 
velocity fluctuations on a multichannel tape recorder during operation near or within the 
stall region. Stationary and rotating critical parts were instrumented with strain gages 
to determine levels of vibratory stress over the operating range of the compressor. 


TEST PROCEDURE 
Shakedown Tests 

Shakedown tests were conducted to establish the mechanical integrity of the fan and 
to locate stress boundaries that might limit the operating range over which tests could be 
conducted. These shakedown tests were conducted with uniform inlet flow. 

During the shakedown tests the aerodynamic and mechanical stability limits of the 
fan were determined for a range of speeds from 50 to 110 percent of design. At speeds 
of 77 to 93 percent of design, the minimum flow was limited by first -bending-mode 
flutter of the second-stage rotor blades as detected from strain-gage signals. At speeds 
of 105 percent of design, first -bending-mode flutter of the second-stage rotor was again 
encountered at the high-pressure-ratio conditions. For speeds of 50, 70, 95, and 
100 percent of design, no flutter was observed, and transient rotating stall or surge 
studies were conducted. 

Readings from the hot -film probes and selected rotor and stator strain gages were 
recorded along with a speed signal and stator -exit outer wall static pressure. These 
readings were recorded simultaneously by a multichannel tape recorder. Continual 
readings of the other transient parameters, shown in table V, were recorded by the 
automatic recording system every 1. 5 seconds as the fan stage was throttled toward 
stall. Approximately 100 sets of these data were obtained between the wide-open- 
throttle and minimum -flow conditions. 


Overall and Blade-Element Performance Mapping 

Fan overall performance was evaluated for speeds from 50 to 112 percent of design. 
Complete blade -element data were obtained for speeds of 50 to 100 percent of design. 

At each speed covered, data points were taken between the maximum flow attainable and 
the stability limit as represented by blade flutter, rotating stall, or surge. 


9 


Test With Reset First-Stage Stator 


In an effort to minimize the operational limits imposed by first-bending -mode flutter 
of the second-stage rotor, the first-stage stator vane angle was reset closed by 5° to re- 
duce the incidence angle on the second-stage rotor. With this stator reset, the aerody- 
namic and mechanical stability limits of the stage were reevaluated. 


DATA REDUCTION TECHNIQUES 

All performance data were automatically recorded on computer cards. These data 
were then converted to engineering units, corrected, and averaged as described in the 
following sections. 


Pressure Data From Fixed-Element Probes 

The circumferential total-pressure distributions obtained at the first- and second - 
stator exits were each mass -flow averaged at each radial position by using a constant 
circumferential static pressure determined by linearly interpolating the wall static - 
pressure data. Peak values from the circumferential total -pressure distribution meas- 
ured across the passage between adjacent stator vanes at each stator exit were chosen 
to represent the preceding rotor exit pressures. Both the peak values and the circum- 
ferentially mass -flow -averaged pressures from the two wake rakes at the second-stator 
exit were arithmetically averaged for each radial location. 


Data From Wedge Probes 

Wedge probes were used to measure total pressure, air angle, and static pressure at 
the inlet to the first rotor. Mach number was determined from a calibration of measured 
total and static pressures. The resulting calibrated Mach number and corrected total 
pressure were then used in conjunction with standard air -property tables to calculate 
static pressure. The measured total pressure and flow angle from these probes were 
corrected by using Mach number calibration curves for individual probes. 


Temperature Data 

Thermocouple signals were converted to temperature measurements by using wire 
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calibrations for individual sensors. These temperature measurements were converted 
into total temperature by using Mach number calibrations for individual sensors and the 
pressure -level correction given in reference 13. A circumferential mass -flow -averaged 
total temperature was calculated at each radial position by using the total temperatures 
and pressures given by the measured circumferential distributions and the static pres- 
sures linearly interpolated between inner and outer wall static-pressure tap measure- 
ments. 


Flow-Field-Analysis Computer Program 

Overall and blade-element performance was calculated by means of a flow -field- 
analysis computer program. All parameters were corrected to standard-day conditions. 
The following inputs were used (for station locations, see fig. 7): 

(1) Compressor inlet (station 0) 

(a) Corrected weight flow 

(b) Corrected rotor speed 

(2) Rotor 1 inlet instrumentation plane (station 6) 

(a) Total -pressure ratio as function of radius 

(b) Constant radial blockage factor (to account for estimated wall boundary 
layer) 

(3) Stator 1 inlet (station 7) 

(a) Total -pressure ratio as function of radius 

(b) Constant radial blockage factor 

(4) Stator 1 exit instrument plane (station 8) 

(a) Total -temperature ratio as function of radius 

(b) Total -pressure ratio as function of radius 

(c) Constant radial blockage factor 

(d) Absolute air angle as function of radius 

(5) Stator 2 inlet (station 9) 

(a) Total-pressure ratio as function of radius 

(b) Constant radial blockage factor 

(6) Stator 2 exit instrument plane (station 10) 

(a) Total -temperature ratio as function of radius 

(b) Total -pressure ratio as function of radius 

(c) Constant radial blockage factor 

(d) Absolute air angle as function of radius 

Total pressures and temperatures were ratioed to compressor inlet values. Compres- 
sor inlet total pressure was assumed equal to the inlet plenum pressure. Temperatures 
were always ratioed to the inlet plenum temperature. 
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A flow blockage factor was used at each radial location to improve the accuracy of 
the static -pressure and velocity calculations at blade-row stations. Blockages were ap- 
plied equally to all stream tubes at each of the axial locations. Axial distributions of 
flow blockage factors were selected so that the hub and tip static pressures obtained 
from the flow -field calculations closely approximated the wall average static pressure 
for a representative midthrottle operating condition at design speed. Blockage factors 
selected in this manner agreed with the measured wall static pressures within 
20 Ibf/ft abs (957 N/m ). The flow blockage factors used in the data -reduction flow- 
field calculation are compared in table VI with those blockages used in the design. 


TABLE VI. - ANNULUS BLOCKAGES 


station 

Data 

reduction 

Design 

Flow blockage factor, percent 

Upstream to rotor 1 leading edge 

2.4 

2.4 

Rotor 1 trailing edge 

4. 1 

4. 1 

Stator 1 leading edge 

4. 1 

4. 1 

Stator 1 trailing edge 

2.8 

2.8 

Rotor 2 leading edge 

2.8 

2.8 

Rotor 2 trailing edge 

3.8 

3.8 

Stator 2 leading edge 

3.8 

3.8 

Stator 2 trailing edge and downstream 

4. 1 

3. 5 


All static-pressure distributions and air angles behind the rotor were calculated by 
assuming axisymmetric flow and by considerations of mass-flow continuity, radial 
equilibrium, and energy equations. Curvature, enthalpy, and entropy gradient terms 
were used in the equilibrium calculations. Blade -element performance parameters at 
the blade edges were calculated by translating the measured data from the instrument 
plane along streamlines passing through the rotor 1 trailing edge at 5, 10, 15, 30, 50, 

70, 85, 90, and 95 percent of the passage height. Actual percents of span where these 
streamlines crossed each blade and vane leading and trailing edge are tabulated in ap- 
pendix B. Blade -element parameters were calculated at airfoil sections lying on conical 
surfaces defined by the intersections of these streamlines and the blade edges. The 
blade -edge stations that were used as input to the flow -field calculation were slanted 
straight lines closely approximating the meridional profiles of the manufactured blade 
edges. In addition to the blade -element parameters, the output of the flow -field-analysis 
program also includes overall performance of the first -rotor blade row, the first stage, 
the first stage plus rotor 2, and the complete two -stage fan. Blade -element performance 
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is tabulated in appendix B. Accumulated overall performance to the exit of each blade 
row is tabulated at the bottom of the blade -element data sheet for that blade row. 
(Tables marked "Run 0; speed code 0; point 0" represent design values.) 


RESULTS AND DISCUSSION 
Fan Performance With Design Stator Settings 

Overall performance of two -stage fan . - The overall performance data for the two- 
stage fan are tabulated in table VII and plotted in figure 9(a). These data cover a range 
of corrected speeds from 50 to 112 percent of design. At design corrected speed and 
pressure ratio, the flow was almost exactly equal to the design value. Adiabatic effi- 
ciency at design speed and pressure ratio was 85. 7 percent, which was 1. 8 percentage 
points above the design value of 83.9 percent. Peak efficiency at design speed was 86. 4 
percent and occurred at a pressure ratio of 2. 86. Peak efficiency increased from 82. 5 
percent at 50 percent corrected speed to the 86. 4 percent at design speed. At 105 per- 
cent corrected speed, the maximum efficiency obtained was about 81 percent. The peak 
efficiencies were probably not achieved at corrected speeds above design because the 
flow range was limited by second-stage rotor blade stresses caused by blade flutter. 

Minimum flows at 50 and 70 percent corrected speeds were limited by rotating stall. 
Between corrected speeds of 77 and 93 percent, the minimum flow was limited by first- 
bending-mode flutter of the second-stage rotor blades. At corrected speeds of 95 and 
100 percent, minimum flow was limited by a cyclic surge with a period of 0. 26 second, 
as determined from strain-gage and hot-fihn traces. Momentary rotating stall was de- 
tected at the fan exit during both the decreasing flow and the recovery portion of the 
surge cycle. The minimum flow limit at corrected speeds of 105 percent and above was 
again limited by first-bending-mode flutter of the second-stage rotor blades. This flut- 
ter phenomenon is discussed in more detail in a later section of this report, Second- 
Stage Rotor Blade Flutter. The design- speed stall margin for this two-stage fan was 
about 10 percent, based on design-point operation and the following definition of stall 
margin: 
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TABLE VII. - OVERALL PERFORMANCE DATA SUMMARY 


Run 

Speed 


code 

0 

0 

223 

10 


10 


10 










Rotor 

speed, 

Overall 

pressure 

Equivalent weight 
flow 

percent 
of design 

ratio 

Ibm/sec 

kg/sec 

100 (design) 

2.800 

184. 20 

83. 552 

99. 76 

2.276 

184.89 

83.866 

99.93 

2.951 

182.81 

82. 927 

100. 05 

2. 990 

181. 02 

82. 110 

99. 98 

2. 587 

184.95 

83.893 

99.99 

2.790 

184.80 

83. 823 

100.00 

2.862 

184. 25 

83. 574 

94.92 

2.097 

175.78 

79. 732 

94.92 

2.282 

175.81 

79. 747 

95.03 

2.717 

163.92 

74.354 

85. 12 

2. 137 

148. 17 

67. 209 

85.01 

2.217 

139.42 

63. 240 

85.09 

1.765 

151.78 

68.847 

84.77 

1.937 

151.33 

68.642 

70. 06 

1. 481 

121.69 

55. 198 

69. 93 

1.623 

117. 09 

53. Ill 

70. 03 

1.668 

113.21 

51.351 

70.02 

1.700 

107. 40 

48.716 

69.98 

1.710 

103.31 

46.860 

50. 07 

1.226 

87.76 

39.800 

50. 18 

1.264 

83.49 

37.871 

49.95 

1. 299 

76.60 

34.745 

50. 00 

1.317 

71.21 

32.300 

79.97 

1.980 

116.43 

52.812 

85.04 

2. 163 

124.41 

56.432 

79.97 

1.629 

136. 37 

61.857' 

80. 02 

1. 943 

126. 91 

57. 566 

79. 97 

1.981 

116.43 

52.812 

90. 18 

1.952 

158. 53 

71.908 

90. 11 

2.368 

147. 28 

66.805 

104.61 

2.361 

190. 34 

86.' 337 

109. 96 

2.439 

194.44 

88. 197 

104.87 

2.783 

189. 35 

85.888 

109.89 

2.863 

192. 51 

87.321 

104.88 

2.713 

190. 67 

86.487 

111.85 

2.825 

195. 52 

88.687 


Overall performance - fixed instrumentation only. 
Blade-element data - survey instrumentation. 
Stator 1 closed 5°. 


adiabatic 

efficiency, 



82.87 

85.68 
86.38 
71.83 
80.31 

84. 54 

85 . 02 
83. 50 
68. 18 
80.02 

71.87 
82.74 
83.03 
81.66 
80.02 
75.63 
81. 10 
82. 54 

80.69 


80.27 

78.84 

71.20 
84.40 
80.60 

76.20 
84.70 


















































Overall performance of first rotor . - Overall performance of the first -rotor blade 
row is presented in figure 9(b). At design corrected speed and pressure ratio, the mea- 
sured corrected flow was very nearly equal to the design value. At this operating point, 
the measured efficiency of 90. 8 percent was about 1. 4 percentage points greater than 
the design value. Peak efficiency at design speed was 92. 0 percent. At low speeds, 
flow limitations of the second stage restricted the maximum flow attainable by the first 
rotor, and peak-efficiency flow was probably not attained at 50 and 70 percent corrected 
speeds. 

Overall performance of first stage . - Overall performance of the first stage is pre- 
sented in figure 9(c). The measured flow at design corrected speed and pressure ratio 
is nearly equal to the design value. Efficiency at the design operating condition was 
about 87 percent, which was 1. 5 percentage points above the design value. As for the 
first rotor, flow limitations of the second stage precluded attainment of peak efficiency 
at low speeds. 

Overall performance of first stage plus second rotor . - Figure 9(d) presents the 
overall performance of the first stage plus the second rotor. The design speed curve for 
this combination of blade rows passes through the design point. At design corrected 
speed and pressure ratio, the measured efficiency is about 87. 6 percent, or 1. 4 per- 
centage points above the design value. Peak efficiency decreased from 87. 9 percent at 
design speed to 86. 0 percent at 50 percent of design speed. Unlike the performance 
measured for the first rotor and first stage, values of peak efficiency were achieved at 
low speeds. This result indicates that the second stage operated at flows greater than 
that corresponding to the peak -efficiency points because the first stage operated on the 
low-flow side of peak efficiency (figs. 9(b) and (c)). 

Nondimensional performance data . - Nondimensional plots of the performance of the 
first rotor, the first stage, the second rotor, and the second stage are presented in 
terms of pressure coefficient and adiabatic efficiency as functions of flow coefficient in 
figure 10. The spread in the data for both the first rotor and the first stage (figs. 10(a) 
and (b)) can be attributed to a marked compressibility effect and/or a change in axial 
velocity V„. This result is not unexpected for such a highly loaded stage with a high 
percentage of the static -pressure rise across the rotor. The design -speed pressure 
coefficient curves for the first rotor and the first stage very nearly pass through the de- 
sign points at design speed and flow coefficient. The efficiencies of the first rotor and 
the first stage are both above the design values. 

The compressibility effects for rotor 2 and stage 2 (figs. 10(c) and (d)) are not as 
pronounced as for stage 1. There is, however, a marked increase in peak pressure 
coefficient with increased corrected speed, and design corrected speed curves do not 
pass through the design points. These effects can be attributed to a combination of com- 
pressibility and the added influence of variations in radial distributions of flow due to 
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off -design operation of the first stage. Another factor is that the flow coefficient is 
based on the calculated value of inlet axial velocity at the mean radius. The efficiencies 
at the design pressure coefficient for both the second rotor and the second stage are 
somewhat above the design values. 

Based on these data, it is obvious that performance of multistage fans and compres- 
sors with highly loaded, high -Mach -number stages cannot be accurately predicted, from 
curves of pressure coefficient and efficiency as functions of flow coefficient unless effec- 
tive compressibility corrections are used. 


Radial Distribution of Flow and Performance Parameters 

The agreement between overall performance and design prediction was extremely 
good. The following discussion compares radial distributions of design and measured 
values of several pertinent design parameters. The corresponding data are presented 
in figure 11. Comparisons are made for conditions of maximum flow attainable (mini- 
mum pressure ratio), for the operating point nearest the design value of pressure ratio, 
and for the near-stall point at design corrected speed. 

Meridional velocity . - The spanwise variations of meridional velocity at the leading 
edges of each rotor and stator blade row are presented in figure 11(a). For rotor 1, for 
the maximum -flow and near -design points, the distribution and level of meridional 
velocity are in excellent agreement with the design curve. The data for the near-stall 
point are slightly below the design values. 

For stator 1, the inlet meridional velocity for the near -design point is slightly above 
the design curve except at 50 and 95 percents of span, where meridional velocities are 
somewhat less than design values. The low value at 50 percent of span probably reflects 
the wake from the first-rotor part-span shroud, which is located at 61 percent of span. 
The low value at 95 percent of span is probably caused by the casing boundary layer. 
Similar to results for rotor 1, the maximum-flow point and near-design point values of 
meridional velocity are rearly equal, and the near-stall point values are somewhat 
lower. 

The rotor 2 inlet meridional velocities for the maximum -flow and near -design points 
are nearly equal. Those values are somewhat above design for the inner 30 percent 
span, nearly equal to design from 50 to 90 percents of span, and slightly below design at 
95 percent of span. At the near-stall point the meridional velocity is appreciably below 
design over the inner 70 percent of span and equal to or slightly below design in the tip 
region. 

The meridional velocity at the inlet to the second -stage stator shows an appreciable 
spread between values for the maximum -flow and near -design points. T:;e agreement 
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between measured values for the near -design point and the design values is reasonably 
good. Some measured values fall above and some below the design curve. As expected, 
the maximum spread of meridional velocity between the maximum -flow and near -stall 
points occurs for the second stator. 

The close agreement between values of inlet meridional velocity for the maximum - 
flow and near -design points for the first three blade rows indicates that for this range of 
flows, the second-stage rotor is operating on the vertical portion of its performance 
characteristic. Therefore, the only blade row to show a significant variation of meri- 
dional velocity is the second stator. Throttling from the design point toward stall results 
in appreciable changes in second-stage inlet flow with only limited changes in first-stage 
inlet flow. 

Total-temperature ratio . - The spanwise variations of total -temperature ratio for 
stages 1 and 2 are plotted in figure 11(b). For stage 1, the near -design-point and 
maximum -flow-point values are nearly equal for all spanwise positions. The near-stall- 
point temperature ratio is close to the design flow value near the hub and appreciably 
higher than the design flow value from midspan to the blade tip. The rotor of stage 1 is 
designed to provide a relative flow angle of about 20° past the axial direction at the hub. 
As a result, the temperature rise in the hub region at the lower flows should be slightly 
less than that for higher flows. Therefore, the lack of variation of temperature ratio 
with flow in the hub region is expected for this type of design. For the near -design point, 
the temperature ratio near the hub is somewhat greater than the design value; at 50 per- 
cent of span, it is equal to the design value; from 70 and 90 percents of span, it is less 
than design; and at 95 percent of span, it is again equal to the design value. The mass- 
averaged temperature ratio for stage 1 for the near-design point is 1. 1994, which com- 
pares well with the design value of 1. 2016. 

Stage 2 shows a normal variation of temperature ratio with flow. The temperature 
ratio at the near-design point is lower than the design value over the inner 50 percent of 
span, equal to or above the design value from 70 to 90 percents of span, and slightly be- 
low the design value at 95 percent of span. The mass-averaged temperature ratio for 
stage 2 for the near-design point is 1. 165, which is slightly lower than the design value 
of 1, 170. Two factors are involved in this discrepancy; (1) the pressure ratio for the 
near-design point is slightly below the design value and (2) the efficiency for this point 
is slightly higher than the design value. 

Total-pressure ratio . - Spanwise variations of total -pressure ratio for rotor 1, 
stage 1, rotor 2, and stage 2 are shown in figure 11(c) for design speed. For rotor 1, 
the pressure ratios for the maximum -flow and near-design points are nearly equal. The 
near-design-point pressure ratio is equal to or above the design value for all locations 
except 50 and 95 percents of span. The value at 50 percent of span is probably affected 
by the part-si^an shroud, and the value at 95 percent of span by the casing boundary 
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layer. The mass -averaged pressure ratio for rotor 1 is 1. 779 for the near-design 
point, as compared to the design value of 1. 787. 

The trends of spanwise variations of total -pressure ratio for the first stage are 
very similar to those for the first rotor. The mass-averaged stage pressure ratio at 
the near -design point was 1. 738, compared to the design value of 1. 744. 

The rotor 2 total -pressure ratio shows a normal spread over the range of flows 
covered. At the near -design point, the rotor 2 pressure ratio is somewhat below design 
values of all locations except 50 and 70 percents of span, where the pressure ratios are 
approximately equal to design. At the near-design point, the mass-averaged total- 
pressure ratio is 1. 631, compared to the design value of 1. 646 

The stage 2 total -pressure ratios follow the same trend as those for rotor 2. The 
near -design-point value of mass-averaged total -pressure ratio for stage 2 is 1. 605, 
compared to a design-point value of 1. 607. Stator losses for stage 2 are obviously lower 
than design because the pressure ratio for rotor 2 is less than the design value, whereas 
the pressure ratio for the stage is very nearly equal to the design value. 

Incidence angle, r Spanwise variations of incidence angle to the suction surface for 
rotor 1, stator 1, rotor 2, and stator 2 are plotted in figure 11(d) for three values of 
flow at design speed. Rotor 1 incidence angles for the maximum -flow and near-design 
points are very nearly equal to the design values. Near -stall -point incidence angles for 

1 ° 1 ° 
rotor 1 are about 1^ above design in the hub region and about 2 above design at the tip. 

The maximum -flow and near -design-point values of suction- surface incidence angle 
for stator 1 are very nearly equal to the design values for the inner 50 percent of span, 

1° to 3° less than design for 70 to 90 percent of span, and slightly above design at 
95 percent of span. The total range of incidence covered by this stator varies from 
about 3° near the hub to about 4° to 5*^ for the outer portions of the stator vane (70 to 95 
percents of span). 

Rotor 2 suction -surface incidence angles for the maximum -flow and near-design 
points are within about 1^ of design over the entire span. The incidence angle range for 
the hub region is approximately 5°, whereas the tip incidence angle range is essentially 
zero. 

Incidence angles for stator 2 show the greatest range of all blade rows, varying 
from about 12° near the hub to 4° near the tip. At the near -design point, the second- 
stator incidence angle is below design at 5, 30, 50, 70, and 95 percents of span and 
approximately equal to design at the remaining spanwise locations. 

Deviation angle . - The spanwise variations of deviation angle for three flows at 
design speed are presented in figure 11(e). For all flow conditions, the deviation angles 
for rotor 1 are slightly lower than design for the inner 30 percent of span and equal to or 
slightly higher than design for the remainder of the blade span. Variations of deviation 
angle with flow are small. 
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stator 1 deviation angles are about equal to the design values at 10 and 15 percents 
of span and are 2*^ to 3° lower than design at all other spanwise locations. 

Rotor 2 deviation angles are from 2° to 8° greater than the design values over the 
entire span, with the major differences occurring in the hub region. 

Stator 2 deviation angles are very close to the design values over the entire span for 
all flows. 

Diffusion factors. - Plots of spanwise variations of diffusion factor are presented in 
figure 11(f) for three values of flow at design speed for all four blade rows. For rotor 1 
at the near -design point, the diffusion factors are relatively close to the design values 
except at 70 to 85 percent of span, where the diffusion factors are somewhat lower than 
design. The maximum tip diffusion factor for rotor 1 was about 0. 525 at the near-stall 
point, and the maximum value at any of the three flow conditions was 0. 6 at 30 percent of 
span. Based on these values of loading, it is doubtful that stall at design speed was ini- 
tiated by the first rotor. 

For the near -design point, the diffusion factors for the first stator were all very 
nearly equal to the design values. A maximum diffusion factor of slightly over 0. 6 oc- 
curred at the stator hub for the near -stall -point condition. 

Rotor 2 diffusion factors for the near -design point were also very close to the design 
values. The variation in rotor 2 tip diffusion factor is relatively small. The maximum 
hub diffusion factor of 0 67 for the near -stall point is relatively high, and this region of 
the blade may trigger stall of the complete fan. 

Diffusion factors for the near -design point for stator 2 are close to design values in 
the blade end regions and lower than design values at midspan. Variations of diffusion 
factor with flow are relatively small near the tip and relatively large near the hub. The 
maximum diffusion factor of 0. 68 near the hub for the near-stall point indicates that stall 
might be initiated in this region. 

Loss coefficient . - Spanwise variations of loss coefficient for three values of flow at 
design speed for all four blade rows are presented in figure 11(g). The loss coefficients 
for the near -design point for rotor 1 are, in general, slightly above design values for the 
inner 50 percent of span and somewhat below design in the outer span regions. 

Loss coefficients for stator 1 at the near-design point are equal to or less than the 
design values at all locations except 70 percent of span. 

Rotor 2 loss coefficients for the near-design point are relatively close to the design 
values except for 30 and 50 percents of span, where the values are appreciably less than 
design values, and for 85 percent of span, where the measured value is somewhat above 
design. The very high value of hub loss coefficient at the near-stall point indicates that 
this section may trigger stall of the complete fan. 

Loss coefficients for the second stator for the near -design point are nearly equal to 
or less than the design values for all spanwise locations. 
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Blade -Element Performance 


All blade-element data are tabulated in appendix B. 

First-rotor blade row. - First-rotor blade-element performance data, in terms of 
deviation angle (DEV), diffusion factor (D-FAC), and loss coefficient (OMEGA-B) 
against suction-surface incidence angle (INCS) are presented in figure 12 for 5, 10, 15, 
30, 50, 70, 85, 90, and 95 percents of span from the hub. At design speed and design in- 
cidence angles, the loss coefficients are about equal to design values for all locations ex- 
cept 70 and 85 percents of span. For 70 and 85 percents of span, the loss coefficients 
are less than design. As would be expected for a multistage fan, the range of incidence 
angle for design speed is very small. At lower speeds, the range of incidence angle in- 
creases as does the minimum value attained. At design speed, the diffusion factors and 
incidence angles are very close to the design values for all spanwise positions. For de- 
sign incidence armies and design speed, the deviation angles near the hub, 5 to 30 per- 
cent of span, were 1° to 2° below the design values and the magnitudes decreased with 
increasing incidence angle. For the outer span region, 50 to 90 percent of span, the de- 
viation angles were close to design values and did not vary appreciably with incidence 
angle or rotative speed. 

First-stator blade row . - Blade-element data for the first-stator blade row are pre- 
sented in figure 13. At design incidence angles and design speed, the loss coefficients 
are nearly equal to the design values for all spanwise positions. The range of incidence 

1 ° 

angle covered by the hub sections is approximately Sg at design speed at 5 percent of 
span, and at the tip the range is about 5° at design speed. At design speed and design 
incidence angles, the diffusion factors are equal to or slightly greater than the design 
values at all spans. At design speed and design incidence angle, the deviation angle at 
5 percent of span station is about 2° less than design; at 10 and 15 percents of span, de- 
viation angles are slightly greater than design; and for the remaining stations, deviation 
angles are from 1° to less than design. 

Second-rotor blade row. - Blade-element data for the second-rotor blade row are 
presented in figure 14. For design speed and design incidence angle, the loss coeffi- 
cients were very close to the design values at 5, 10, 15, and 30 percents of span from 
the hub. At the remaining radial locations, the minimum losses at design speed were 
equal to or somewhat less than the des^n values, but the minimum incidence angles 
achieved at design speed were higher than the design values. Near the hub, the inci- 
dence angle range at design speed was about 6. 5°; in the tip region, the corresponding 
incidence angle range was only about 1^ The design-speed curves of diffusion factor 
against incidence angle are in good agreement with the design values for the inner radial 
positions. Extrapolations of the design-speed diffusion factor curves for the outer radial 
positions are also close to the design point except at 95 percent of span. At 95 percent 
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of span, the extrapolated diffusion factor curve for design speed is below the design 
point. Deviation angles for the inner radial locations (5 to 30 percent of span) are as 
much as 8° greater than the design values, but for the remainder of the radial locations 
the extrapolated deviation angle curves for design speed agree well with the design 
values. 

Second-stator blade row. - Figure 15 presents the blade -element data for the 
second-stator blade row. For design speed and design incidence angles, the losses for 
all radial stations are equal to or less than the design values. The range of incidence 
angle at design speed varies from about 16° at the hub to 13° at the tip. The diffusion 
factors and deviation angles for design speed and design incidence angles are very close 
to the design values. 


Fan Performance With Reset First -Stage Stator 

To study the effect of inlet flow angle on the second-stage rotor flutter boundaries, 
the first-stage stator was reset 5° closed. This stator reset gave a 2° decrease in cal- 
culated incidence angle for the second-stage rotor for design speed and flow. With the 
first stator reset, the stability limits of the compressor were determined for speeds 
from 50 to 110 percent of design, and the overall performance data were taken to define 
speed lines at 80 and 90 percents of design. Complete blade-element data were taken 
only for near-stall points at 80 and 85 percents of design speed. The overall perform- 
ance data are presented in figure T6, and the detailed blade-element data for the two 
points taken are tabulated in appendix B. Performance with design stator settings is 
shown by the dashed lines in figure 16 for comparison purposes. These data show that 
resetting the first stator reduced flow and pressure ratio at speeds up to and including 
100 percent of design but did not appreciably alter these parameters at speeds greater 
than design. Overall efficiencies were not changed appreciably. 

The region of intermediate -speed flutter was reduced to a very narrow speed range 
near 90 percent of design, and the overspeed flutter region was eliminated for speeds up 
to 110 percent of design. Minimum flow was limited at low speeds by rotating stall and 
at high speeds by surge. 

The stall limit with the stator reset was improved at the lower speeds, but at design 
speed the stall limit was reduced somewhat compared to that for the design stator setting. 


Second -Stage Rotor Blade Flutter 

Flutter boundaries . - With design stator settings, the second-stage rotor blade en- 
countered bending flutter limitations near stall at corrected speeds between 77 and 93 


21 


percent of design. Blade flutter in this speed regime is generally referred to as a sub- 
sonic stall flutter. First -bending-mode flutter was also encountered at moderate pres- 
sure ratios at corrected speeds of 105 to 110 percent of design. This high-speed flutter 
is generally termed supersonic stall flutter. No flutter was encountered on any other 
blade rows. The measured rotor blade frequencies ranged from about 400 hertz at 
90 percent corrected speed to 440 hertz at 105 percent corrected speed and were detec- 
ted on the root leading -edge and root trailing-edge strain gages. Measured blade first - 
bending frequency agreed fairly closely with the predicted frequency (fig. 43 of ref. 9). 
Measured stresses in the flutter regions were as high as ±14 000 psi (±9. 7x10 N/m ). 
These stresses did not necessarily represent peak values, but further throttling was 
limited at this point to avoid higher levels of vibratory stress. First -bending -mode 
flutter is not commonly encountered, and the flutter limits are not well defined. In gen- 
eral, blades are designed based on predicted torsional flutter limits. For the second- 
stage rotor blade in the torsional mode, the calculated reduced velocity parameter 
2V’/cw^ of 2.35 for 110 percent of design speed was considered to be a potential prob- 
lem. The calculated reduced velocity parameter for first bending was/5. 48 for 110 per- 
cent of design speed. These values of reduced velocity were based on conditions at 
75 percent of span from the hub. 

To further evaluate the flutter boundaries for the second-stage rotor blade row, the 
first-stage stator was reset 5° closed. With this reset, as shown in figure 16, the low- 
speed, near-stall flutter region was reduced to a very narrow speed range near 90 per- 
cent corrected speed, and the overspeed flutter region was eliminated for speeds up to 
110 percent of design. The flutter encountered was also a first-bending -mode flutter. 

Flutter boundary correlation . - In order to better understand the first -bending -mode 
flutter problems encountered with the rotor 2 blades, an attempt was made to arrive at 
some meaningful flutter boundary correlation by using measured blade flutter frequen- 
cies and detailed blade -element data. The correlation used involved the determination 
of the first -bending flutter parameter 2V’/cW|^ as a function of blade mean-camber- 
line incidence angle i^ for the various fan speeds. The relative velocity in the 
reduced -velocity parameter and the incidence angle on the mean camber line were eval- 
uated at 75 percent of span from the hub. The results are presented in figure 17 for 
corrected speeds up to 100 percent of design. No blade -element data were taken for the 
overspeed conditions. Therefore, reduced velocities and incidence angles could not be 
determined for the supersonic flutter region. The incidence ar^le and relative velocity 
at 75 percent of span were determined by interpolation of the detailed blade -element data 
of appendix B. Directly measured values of blade first -bending frequency were 
limited to the 90 to 105 percent corrected speed range. The measured values were less 
than the calculated values and ranged from 400 hertz at 90. percent corrected speed to 
about 440 hertz at 105 percent corrected speed compared to the calculated values of 
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440 and 480 hertz. Therefore, values of frequency at the lower speeds were determined 
by extrapolation along a curve parallel to the calculated curve. The curves of figure 17 
for corrected speeds of 75, 80, and 90 percent of design, the incidence angle at stall or 
surge, and the incidence angle at onset of flutter were estimated simply by interpolation 
and extrapolation of appropriate data curves. 

First -bending-mode flutter of rotor 2 blades was encountered at corrected speeds 
from 77 to 93 percent of design, and the flutter boundary for this intermediate speed 
range is shown in figure 17. As stated previously, the stability limit at speeds less than 
77 percent of design was established by rotating stall, and the stability limit for speeds 
greater than 93 percent resulted from surge. It is evident from figure 17 that at speeds 
greater than 90 percent of design, the flutter boundary must break upward very sharply 
because the incidence angle at surge for design speed must fall to the left of an extension 
of the flutter boundary curve (operation is flutter free at design speed). 

The two data points for which detailed blade-element data were taken at 80 and 85 
percents of design speed with the first stator reset 5*^ closed are also plotted in figure 17. 
The intent of this stator reset was to reduce the incidence angle on the second-stage rotor 
blade at high speed. At low speed, the reduction in flow (as shown in fig. 16) more than 
offset the increase in the inlet absolute flow angle for the second rotor. As a result, the 
incidence angle on rotor 2 increased appreciably. The flutter parameter, however, de- 
creased because of reduced Vj. This decrease in flutter parameter more than offset 
the increase in incidence angle so that the near stall points at 80 and 85 percents of de- 
sign speed fell on the stable side of the flutter boundary (fig. 17). At 90 percent cor- 
rected speed, the reduction in the flutter parameter value was not sufficient to compen- 
sate for the increased incidence angle caused by reduced flow, and flutter was still en- 
countered. 

The data taken at the over speed conditions were insufficient to evaluate the super- 
sonic flutter boundaries. However, the data of figure 16 indicate that the flows attained 
at overspeed with the reset first-stage stators were approximately the same as those for 
the design stator settir^s. Therefore, at these speeds, reductions in second-rotor inci- 
dence angle of the order of the calculated 2° were probably attained. The prewhirl at 
the inlet to the second rotor as a result of stator 1 reset also decreased the relative inlet 
velocity and thus decreased the value of the flutter parameter. Both the decrease in in- 
cidence angle and the decrease in inlet relative velocity (or flutter parameter) would 
contribute to the elimination of supersonic flutter of the second-stage rotor blades at 
over speed conditions. 

Insufficient data were obtained in this investigation to determine whether supersonic 
and subsonic flutter were separate phenomena with separate boundaries or if supersonic 
flutter is merely an extension of the subsonic flutter phenomenon and thus the subsonic 
flutter boundary. 
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Mechanical Characteristics 


Blade vibrations . - Aside from the flutter problem of the second -stage rotor blades, 
no severe vibratory stresses were encountered for any blade row. A second -rotor blade 
tip resonance with first-stator vanes (46 vanes) was observed in the 100 to 110 percent 
speed range. This resonance was a second -mode bending at 90 percent of span. A max- 
imum stress of ±8000 psi (±5. 5x10 N/m ) was observed. This stress was well below 

o 2 

the allowable of ±16 000 psi (±1. 1x10 N/m ) indicated from a Goodman diagram (ref. 9). 
Although stresses were well below the fatigue limit, operation in this range was held to a 
minimum. HolografSiic tests on a shake table showed a series of natural frequencies in 
the range of 8200 to 9000 hertz which gave second-mode tip patterns such as indicated 
in the 100 to 110 percent speed range. 

Test rig vibration. - During initial testing, a front -bearing housing vibration was 
observed in the design speed range. Trim balance weights were added to the rear flex- 
ible coupling flange to eliminate this vibration. These weights were added to the rear 
flex coupling because access holes for field balance were available at this location. At 
overspeed the trim balance weight caused a rear-bearing housing vibration. Overall 
performance mapping for speeds of 50, 75, 85, and 100 percent of design were run with 
these trim balance weights in place. 

The 95 percent speed line could not be completed because the front -bearing housing 
vibration was again encountered. Therefore, the rear-coupling trim balance weights 
were removed, and the low -speed testing was completed. To futher evaluate the fan 
flutter boundaries, it was necessary to improve the shaft balance. Therefore, the rig 
was partially disassembled and trim balance weights were added to the first-stage rotor. 
This reduced the vibrations to an acceptable level for the remainder of the tests. When 
tests were completed and the rig disassembled, all balance weights were removed, and 
the balance was checked. This check showed that the balance of the rotating mass had 
changed during testing, particularly in the front-rotor region. The source of this bal- 
ance change was not determined. 

Stator vane failures. - Durir^ a routine inspection, a damaged first-stage vane was 
discovered. Because of this failure, the rig was disassembled and a damaged second- 
stage vane was also uncovered. The damage to both vanes consisted of a fractured 
leading-edge hub corner. The. two failures appeared to be similar, except that the 
second-stage vane had been fitted with pressure sensors and the failure occurred in the 
area where one of the sensors had been brazed to the vane. 

The two damaged vanes are shown in their respective assemblies in figures 18 
and 19. Both the first- and second-stage failures consisted of a fracture at the hub cor- 
ner running angularly from the leading edge to the inboard edge of the airfoils. The 
first-stage failure resulted in the loss of a 1/2- by 1/4-inch (1. 27- by 0. 635-cm) seg- 
ment, and the second-stage failure resulted in the loss of a 3/4- by 1/2-inch (1. 90- by 
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1. 27-cm) segment. The two failures appear to be similar except for the probable in- 
volvement of the sensors in the second-stage failure. 

Magnaflux inspection of the remaining first- and second-stage vanes indicated no 
cracks or damage. Three small nicks were found in the leading edge of the second- 
stage blades, but no damage could be found on the first-stage rotor assembly. Visual 
and Zyglo inspection of all remaining rotating and nonrotating parts revealed no further 
damage. A dimensional check of the thickness of both sets of vanes in the area of the 
damage revealed that the failed first-stage vane was thin compared to the average of the 
remainder of the first-stage vanes (0.009 in. (0.023 cm) compared to the average of 
0. 023 in. (0. 058 cm)). The second-stage vanes were within blueprint tolerances. 
Microscopic examination of the first-stage vane fracture revealed fatigue which had 
progressed from the vicinity of the concave airfoil surface; the fracture surface was 
severely rubbed and the exact origin could not be determined. Examination of the 
second-stage vane fracture surface revealed fatigue which had progressed from an ori- 
gin at the pressure sensor braze joint on the concave airfoil surface. Qualitative spec- 
trographic analysis identified the vane material as being the required AMS 5613 stainless 
steel. Hardnesses of both the first-stage and second-stage vanes conformed to the de- 
sign requirements. Metallographic examination of the traverse sections through fatigue 
origins revealed no material abnormalities. 

The excitation on stator 1 is predominantly rotor 1 blade passing frequency. Due to 
the passing frequency of the rotor 1 blades, the first-stator vanes are subject to a range 
of frequencies from 2500 to 5500 hertz for the speeds covered in this test program. 

Four first-stage vanes were vibrated on a bench, and the mode shapes were determined 
holographically for modes between 500 and 15 000 hertz. Several vane mode shapes 
occur in this frequency range, and most of them involve significant motion of the hub 
and tip leading-edge corners. These bench tests also showed that the blades with thin 
hub leading edges were very susceptible to vibration in the region of 5000 hertz, which 
corresponds to rotor 1 blade passing frequency at design speed. Although the aerody- 
namic damping is significantly different in the rig than on the bench, these results sug- 
gest that in the rig the vanes of average and less-than-average thickness also respond 
easily to excitation around 5000 hertz and that the thicker vanes are subjected to sub- 
stantially less stress at the corner for a given excitation level. 

The second stator is predominantly excited by the rotor 2 blade passing frequency. 
Due to the passing frequency of the rotor 2 blades, the second-stator vanes are subject 
to a range of frequencies from 5360 to 11 800 hertz over the range of test speeds. Two 
second-stage vanes were vibrated on the bench, and their mode shapes were determined 
holographically over a range of frequencies from 1500 to 15 000 hertz. No regions of 
extreme sensitivity of the root leading-edge corner were noted in these bench tests. 
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However, at the braze, the origin of failure for the vane, a relatively low vibratory am- 
plitude could lead to a high concentrated stress and thus result in a short fatigue life. 

In addition, since there were so many responding modes within the leadii^-edge corner, 
the vibration even at low levels was probably present over the entire range of speeds. 


SUMMARY OF RESULTS 

The following results were obtained from tests of a high -tip-speed, highly loaded 
two -stage fan: 

1. The fan achieved the design pressure ratio of 2. 8 at the design corrected flow of 
184. 2 Ibm/sec (83. 55 kg/sec) and design corrected tip speed or 1450 ft/sec (442 m/sec). 
The efficiency at design speed and pressure ratio was 85. 7 percent, compared to a de- 
sign value of 83. 9. 

2. Design control in regard to flow distributions and performance was extremely 
good. Rotor losses were approximately equal to the predicted values, and stator losses 
were somewhat lower than predicted values. 

3. The stall margin, from design pressure ratio to surge at design speed, was 

10 percent. A study of blade-element data indicates stall originated in the hub region of 
either the second-stage rotor or stator blade row. 

4. Closing the first-stage stator by 5° reduced flow and pressure ratio at speeds up 
to design speed. At overspeed, the flow was not altered appreciably. The stall limit 
was improved at the lower speeds but was reduced slightly at design speed. There was 
no marked change in fan overall efficiency. 

5. First-bendii^-mode flutter of the second-stage rotor was encountered in two 
separate operating regimes. The first occurred at near stall between corrected speeds 
of 77 and 93 percents of design, and the second was encountered at moderate pressure 
ratios at 105 to 110 percent corrected speeds. 

6. A first-stage stator reset of 5° closed eliminated the high-speed flutter region 
and reduced the intermediate -speed flutter region to a narrow speed range near 90 per- 
cent of design. The reduction in the extent of the intermediate-speed flutter region re- 
sulted from a reduction in the value of the flutter parameter rather than a reduction in 
incidence angle. 

7. A failure of one first-stage stator hub leading edge was determined to be caused 
by vibrational sensitivity of vanes which were locally appreciably thinner than specified. 
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8. Failure of one second-stage stator hub leading edge was attributed to stress con- 
centrations caused by a leading -edge probe which was brazed to the vane at the point of 
crack initiation. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, March 7, 1974, 

501-24. 
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APPENDIX A 


AERODYNAMIC DESIGN SUMMARY 

The design values for the aerodynamic parameters at the rotor and stator leading 
and trailing edges are presented in this appendix in tables Vin to Xn. 
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TABLE IX. - AERODYNAMIC SUMMARY - ROTOR 1 - U. S, C BSTORUVRY UNITS 
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APPENDIX B 


OVERALL PERFORMANCE AND BLADE -ELEMENT DATA 

This appendix presents overall performance and blade-element data in tabular form. 
The streamline locations to be used with these data are given in table xni. The column 
headings in the data tables are identified in table XIV. Finally, the overall performance 
and blade -element data are presented in table XV. Twenty -five sets of data are pre- 
sented, each set containing data for rotor 1, stator 1, rotor 2, and stator 2. 


TABLE Xm, - STREAMLINE LOCATIONS 


stream- 

line 

Nominal 
percent 
of span 

Rotor 1 

Stator 1 

Rotor 2 

Stator 2 

LE 

TE 

LE 

TE 

LE 

TE 

LE 

TE 

Actual percent of span 

l(Hub) 

5 

5. 72 

5. 00 

4. 91 

4. 38 

4. 33 

3. 96 

3.88 

3.74 

2 

10 

11. 34 

9. 97 

9. 81 

8. 94 

8. 83 

8, 12 

7.99 

7.74 

3 

15 

16. 89 

14. 96 

14. 78 

13.62 

13.48 

12, 46 

12,30 

12.00 

A 

30 

32. 91 

30. 00 

29. 82 

28.22 

28.03 

26. 39 

26.24 

25.S,s 

0 

50 

52. 88 

50. 01 

49, 93 

48.31 

48. 10 

46.25 

4 6.23 

45.9;i 

G 

70 

71. 94 

70, 01 

70. 05 

68.77 

68. 62 

67, 11 

0 . . 

67.07 

7 

85 

86. 02 

85, 00 

85. 08 

84.36 

84. 25 

83. 26 

83.42 

83,41 

fi 

90 

90. 70 

89, 99 

90. 06 

89.59 

89. 51 

88. 73 



9(Tip) 

95 

95. 36 

94, 99 

95. 04 

94.81 

94.76' 

94. 30 

94.40 

94,4 6 
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TABLE XIV. - IDENTIFICATION OF COLUMN HE.U3INGS USED IN OVERALL PERFORMANCE 
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TABLE XV. - OVERALL PERFORMANCE AND BLADE-ELEMENT DATA 
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TABLE XV. - Continued. OVERALL PERFORMANCE AND BLADE-ELEMENT DATA 
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TO/TO pO/PO EFT-AO EFF-P »Cl/AI 

inlet inlet inlet inletlbn/sec 
» 1 SQFT 

I.OSe2 1.1609 90. S2 90.66 19. VI 
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APPENDIX C 


AIRFOIL GEOMETRY ON CONICAL SURFACES 

The airfoil geometry on conical surfaces for rotor 1, stator 1, rotor 2, and stator 2 
is presented in tables XVI to XIX. 
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APPENDIX D 


PERFORMANCE PARAMETERS 


Relative total temperature; 


T- = 4 


1 + 




rotor inlet 




(curg)^ - (cur^)2 


2y 

y - 1 




rotor exit 


Incidence ai^le based on mean camber line: 


Deviation ai^le: 


Diffusion factor; 


ij^ = - /3'j* for rotors 

i^ = - /3^ for stators 


6° = /3^ - for rotors 

6° = /32 - /3| for stators 


D = 1 - ^ LJl for rotors 


V’l (rg + r^)aV’^ 


Vp ^^iVni-roV.g 

D = 1 - for stators 


Vj (r^ + r2)aV^ 
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Loss coefficient; 


Loss parameter: 


Polytropic efficiency: 



for rotors 


O) = 



pj - Pi 


for stators 


w cos /3k 

for rotors 

2a 

m cos /3p 

: — - for stators 

2a 




for stators 



Adiabatic efficiency: 


^ad = 


^ad = 


T> \(y-l)/y 


- 1 




for rotors 


fan overall 


146 



APPENDIX E 


A 

a 

a’ 

c 

D or 
D-FAC 

E 


H 

ID 

INCS 

i 

J 

M 

N 

OD 

P 

P 

Ap 

R 

RLE 

RTE 


SYMBOLS 

area, ft^ (m^) 

distance along chord from leading edge of airfoil to point of maximum ele- 
vation of airfoil above chord line, in. (m) 

a point on the suction surface of a blade halfway between the leading edge 
and the point from which a Mach wave emanates that meets the leading 
edge of the following blade 

chord (aerodynamic on flow surface) , in. (m) 

diffusion factor 

epse, the angle between rays drawn to a conical design surface, one ray 
to the leading e<^e of an airfoil section, the second to some other point 
on the airfoil (fig. 4), deg (rad) 

conversion factor, 32. 174 ft/sec^ (9. 807 m/sec^) 

enthalpy, Btu/lbm-°R (J/kg-K) 

inner diameter of casing, in. (m) 

suction- surface incidence ai^le, inlet air angle minus blade suction- 
surface metal angle, deg (rad) 

incidence angle, inlet air angle minus blade metal angle, deg (rad) 
conversion constant, 778 ft-lbf/Btu (1. 0) 

Mach number 

rotor speed, rpm 

outer diameter of casing, in. (m) 

total or stagnation pressure, Ib/ft abs (N/m ) 

2 2 
static pressure, Ib/ft abs (N/m ) 

pressure differential 

distance from apex of design conical surface to point on blade, in. (m); 
or gas constant for air 

leading -edge airfoil radius, in. (m) 

trailing -edge airfoil radius, in. (m) 
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r radius measured from rig centerline, in. (m) 

SM stall margin 

T total temperature, °R (K) 

t blade maximum thickness, in. (m); or static temperature, °R (K) 

U rotor speed, ft/sec (m/sec) 

V air velocity, ft/sec (m/sec) 

W weight flow, Ibm/sec (kg/sec) 

z axial distance, in. (m) 

(3 absolute air angle, cot“^(V^/Vg), deg (rad) 

(3* metal angle, on conical surface, between tangent to mean-camber line and 

meridional direction at leading and trailing edge, deg (rad) 

A/3 air turning angle, deg (rad) 


y ratio of specific heats for air 

2 

6 ratio of total pressure to standard pressure of 2116 Ib/ft abs 

6° or , deviation angle, exit air angle minus tangent to blade mean-camber line at 
DEV trailing edge, deg (rad) 

e angle between tangent to streamline projected on meridional plane and 

axial direction, deg (rad) 

rj efficiency, percent 

9 ratio of total temperature to standard temperature of 518. 7° R (288 K) 

3 3 

p mass density, Ibm/ft (kg/m ) 

a solidity, ratio of aerodynamic chord to spacing between blades 

CO blade camber angle, difference between blade angles at leading and trailing 

edges on conical surface, - (3'^ for rotors and - /3| for stators, 
deg (rad); flow coefficient, (V/U) 

( 0 -c, blade camber angle on plane of ’’unwrapped" conical surface, 

j3'^ - j3'^ - Eepg for rotors and |3| - - E,pj, for stators, deg (rad) 

2 

i}/ pressure coefficient, 

o) angular rotor velocity, rad/sec 


(jj or total -pressure -loss coefficient 

OMEGA-B 
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Subscripts: 

ad 

des 

E 

Ef 

f 

id 

in 

LE 

rn 

P 

R 

ss 

sh 

stall 

TE 

z 

e 

0 

1 

2 

3 


bending vibrational frequency, Hz or rad/sec 
torsional vibrational frequency, rad/ sec 

adiabatic 

design 

denotes camber definitions which include epse angle E (fig. 4) 

denotes front camber definitions which include epse angle E (fig. 4) 

front 

ideal 

inlet 

leading edge 

meridional (velocity); mean camber line (angle); mean radius 

profile (loss); polytropic (efficiency) 

point at a specific polar radius 

suction surface 

shock 

stall point 

trailing edge 

axial component 

tangential component 

plenum 

leading edge of rotor or stator 
trailing edge of rotor or stator 
instrumentation plane at fan discharge 


Superscripts: 

’ relative to rotor 

* blade metal angle 
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>^iat're3. - Fan blades and vanes. 
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Figured. - Meridional view and polar representation of blade mean-camber line. Camber eguations: ») - Bi* - p'o” and 
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Figure 5. - Schematic of compressor test facility. 



NASA combination probe, stator 1 exit 


Fan inlet and discharge traverse 
wedge probe 


Fan discharge total-temperature rake 


fan discharge total-pressure wake rake 


Figure 6. - Typical instrumentation, 
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Figure 7. - Axial location of instrumentation planes. 
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Figure 8. - Circumferential locations of instrumentation - looking upstream. 





Weight flow, percent of design 

(a) Two-stage-fan overall performance. (b) First-rotor performance. 

Figure 9. - Performance maps. 
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Figure 11. - Concluded. 




Total-pressure-joss Diffusion factor, D Deviation angle, 

coefficient, u) 
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12 ^ 



Percent of 

Mach number 


design speed 

range 
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100 

0. 801 to 0.821 

> 

95 

.728 to .767 

□ 

85 

.626 to .642 

X 

70 

.487 to .519 

« 

50 

,342to .367 
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Qi 
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(a) 5 Percent of span (from hub). 

Figure 12. - Blade-element performance data - rotor 1. 







Total -pressureHoss Diffusion factor, D Deviation angle, 6°, deg 

coefficient, oj 






Percent of A/lach number 
design speed range 


o 

100 

1.012 to 1.033 

> 

95 

.924 to .964 

o 

85 

.796 to .825 

X 

70 

.627 to .659 


•O’ 50 . 440 to . 465 




Suction-surface incidence angle, i^j, deg 
(d) 30 Percent of span. 

Figure 12. - Continued. 







Total-pressure^oss Diffusion factor, D Deviation angle, 6°, 
coefficient, w deg 


Percent of Mach number 
design speed range 

o 100 1. 303 to 1. 316 

i> 95 1. 193 to 1. 228 

□ 85 1. 034 to 1. 062 

70 ,822to .853 



Suction-surface incidence angle, i^^, deg 


(f) 70 Percent of span. 
Figure 12. - Continued. 




Total-pressure-joss Diffusion factor, D Deviation 
coefficient, u) angle, 6°, 


cn 

<u 


Percent of 
design speei 





Suction-surface incidence angle, i^^, deg 
(g) 85 Percent of span. 

Figure 12. - Continued. 










Total- Diffusion factor, D Deviation angle, 6°, deg 

pressure- 
loss coe£i- 
cient, u) 



Percent of 

A/lach number 


Percent of 

Mach number 


design speed 

range 


design speed 

range 

o 

100 

0. 931 to 0. 971 

O 

100 

0. 891 to 0. 924 

l> 

95 

.847 to .923 


95 

.823 to .882 

□ 

85 

.789 to .815 

□ 

85 

.757 to .783 

X 

70 

.662 to .687 

X 

70 

.636 to .659 

o 

50 

.477 to .503 


50 

.462 to .483 
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e 
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n:.:x^ 
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J 
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S. 0 







1 11 " 



-4 0' 4 8 


Suction-surface incidence angle, i^j, deg 

(a) 5 Percent of span (from (b) 10 Percent of span, 

hub). 

Figure 13. - Blade-element performance data - stator 1. 
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Total- Diffusion factor, D Deviation angle, 6°, deg 

pressure- 
loss coefH- 
cient, u) 



Percent of 

Mach number 


Percent of 

Mach number 


design speed 

range 

design speed 

range 

o 

100 

0. 858 to 0.898 

O 

100 

0. 792 to 0. 829 

o 

95 

.803 to .852 

> 

95 

.762 to .776 

□ 

85 

.729 to .756 

□ 

85 

.674 to .692 

X 

70 

.610 to .634 

X 

70 

.560 to .585 

o 

50 

.446 to .465 

o 

50 

.402 to .425 



Suction-surface incidence angle, i^^, deg 


(c) 15 Percent of span. (d) 30 Percent of span. 

Figure 13. - Continued. 
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Total- Diffusion factor, D Deviation angle, 6°, 

pressure- deg 

loss coeffi- 
cient, w 


Percent of A/iach numoer 
design speed range 

100 0.7 11 to 0.719 

95 .683 to .696 

85 . 606 to . 614 

70 . 497 to . 514 

50 . 361 to .373 



xi ^ I- 


Percent of Mach number 
design speed range 

100 0. 687 to 0. 696 

95 . 657 to . 696 

85 .591 to .604 

70 .495 to .509 

50 . 361 to . 363 



-4 0 4 8 -12 -8 -4 0 

Suction-surface incidence angle, i^^, deg 

(e) 50 Percent of span. (f) 70 percent of span. 

Figure 13. - Continued. 



Total- Diffusion factor, D Deviation angle, 6°, deg 

pressure- 
loss coeffi- 


Percent of Mach number 
design speed range 

o 100 0.690 to 0.700 

> 95 .666 to .675 

a 85 .595 to .605 

X 70 .492 to .500 



Suction-surface incidence angle, i^^, deg 
(g) 85 Percent of span. 


Figure 13. - Continued. 
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Total-pressureHoss Diffusion factor, D Deviation angle, 6°, deg 

coefficient, w 



Percent of 

Mach number 


design speed 

range 

o 

100 

0.659 to 0. 680 

> 

95 

.657 to .683 

D 

85 

.592 to .597 

X 

70 

.478 to .497 


50 

.342to .363 



Suction-surface incidence angle, i^j, deg 
(i) 95 Percent of span. 

Figure 13. - Concluded. 
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Total-pressure-Joss Diffusion factor, D Deviation angle, 6°, 

coefficient, w deg 



Suction-surface incidence angle, igj, deg 
(b) 10 Percent of span. 

Figure 14. - Continued. 







Total-pressureHoss Diffusion factor, D Deviation 


Percent of Mach number 
design speed range 

o 100 1. 001 to 1. 074 

> 95 . 929 to 1.020 

□ 85 . 845 to .917 

X 70 .709 to .781 

o 50 .519 to .584 



Suction-surface incidence angle, ijj, deg 
(d) 30 Percent of span. 

Figure 14. - Continued. 
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Percent of IVlach number 
design speed range 

o 100 1. 085 to 1. 133 

> 95 1. 004 to 1. 076 

Q 85 .921 to .978 

X 70 .758 to .825 




Suction-surface incidence angle, i^^, deg 
(e) 50 Percent of span. 

Figure 14. - Continued. 
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Total-pressure^loss Diffusion factor, D Deviation 

coefficient, w angle, 6°, 



Percent of 

Mach number 


Percent of 

Mach. number 


design speed 

range 


design speed 

range 

o 

100 

1. 171 to 1. 220 

o 

100 

1.240 to 1.275 

> 

95 

1. 066 to 1. 155 

> 

95 

1. 113 to 1. 212 

□ 

85 

.999 to 1.043 

□ 

85 

1. 055 to 1. 086 

X 

70 ' 

.806 to .883 

X 

70 

.857 to .917 

o 

50 

. 592 to . 651 


50 

.624 to .679 



Suction-surface incidence angle, i^^, deg 


(f) 70 Percent of span. (g) 85 Percent of span. 

Figure 14. - Continued. 
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Total-pressure-ioss coeificient, oj Diffusion factor, D Deviation angle, 6, deg 



Percent cf 

Mach number 


Percent cf 

^.3ch nunxer 


design speed 

range 


design speed 

rsn^c 

o 

IGO 

0. 751 to G. 917 

o 

100 

0.774 to C.Sb4 

> 

95 

.705 to .8^8 

> 

95 

.705 to .847 

a 

85 

. 709 to . 774 

a 

85 

.693 to .822 

X 

70 

.524 to .563 

X 

70 

.806 to .572 


50 

.485 to .551 

o 

50 

.47110 .570 





! 8 E 




L... 







9 









: n,ij 

::: ' i 




(ai 5 Percent or span (from id) 10 Percent of span, 

hub). 


figure 15. - Biaae-eienient performance daia - stator 2. 
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Total-pressure-loss coeffi- Diffusion factor, 0 Deviation angle, 6°, deg 

cient, w 


Percent of 
design speed 

100 

95 

85 

70 

50 


Mach number 
range 

0.732 to 0. 846 
.694 to .812 
.674 to .772 
.592 to .677 
.457 to .564 


Percent of 
design speed 

100 

95 

85 

70 

50 


Mach number 
range 

0. 700 to 0. 748 
.660 to .754 
.619 to .718 
. 542 to .633 
.417 to .506 


■‘;'d ! 



iaxp 


.4 L X 


» ! : >4 ; Sq--: 

0 ^ I L.1.L...L. - 

-20 -10 

Suction-surface incidence angle, ijg, deg 
(c) 15 Percent of span. (d) 30 Percent of span 


Figure 15. - Continued. 







Total-pressure-joss Diffusion factor, D Deviation angle, 6 °, deg 

coefficient, w 


Percent of 

Mach number 


Percent of 

Mach number 

design speed 

range 


design speed 

range 

100 

0.666 to 0.711 

0 

100 

0.639 to 0.654 

95 

.644 to .711 

> 

95 

.620 to .656 

■ 85 

.582 to .678 

□ 

85 

.564 to .617 

70 

.493 to .575 

X 

70 

.471 to .540 

50 

.374 to .448 

0 

50 

.356 to .419 


Suction-surface incidence angle, I 55 , deg 
(e) 50 Percent of span. (f) 70 Percent of span 


Figure 15. - Continued. 


















Total-pressure ratio Adiabatic efficiency, r\^^, percent 




Flutter paraiT^eter (rotor 2, first 


Measured data 

Estimated values 

I Value of at fan stall or surge (estimated) 

^ Value ot i^ at onset of rotor 2 blade flutter 

♦ 85 Percent of design speecl jtajor 1 cosed 5° (near stall) 

♦ 80 Percent of design speeej 


Percent of 
design speed 



Incidence angle on mean-camber line )75 percent of span from )iub!, i|y,. deg 


Figure 17. - Rotor 2 blade flutter boundaries. 
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